Brazilian Amazon is a vast territory rich in natural renewable and non-renewable resources. Due to the adverse environmental condition (rain, cloud, dense vegetation) and difficult access, topographic information is still poor, and when available needs to be up-dated or re-mapped. In this paper, the feasibility of using elevation generated from orbital ASTER stereo-pairs images for topographic mapping was investigated for the mountainous relief in the Serra dos Carajás, Pará. The quality of information derived from these optical images was evaluated regarding field altimetric measurements. Precise topographic field information acquired from Global Positioning System (GPS) was used as Ground Control Points (GCPs) for the modeling of the stereoscopic Digital Elevation Models (DEMs) and as Independent Check Points (ICPs) for the calculation of elevation accuracies. The analysis was performed following two approaches: (1) the use of Root Mean Square Error (RMSE) and (2) calculations of trend analysis and accuracy. The investigation has shown that the altimetric accuracy from ASTER fulfilled the Brazilian Map Accuracy Standards elevation requirements for 1:100,000 A Class. In addition, ASTER can provide up-dated planimetric information that is also necessary for cartographic production. Thus, when the environment condition allows the acquisition of stereo-pairs, the use of ASTER can be considered an alternative for semi-detailed topographic mapping in similar environments of the Brazilian Amazon.
INTRODUCTION
Brazilian Amazon, with almost 5,500,000 km 2 , presents, under an apparently homogeneous forest physiognomy, an enormous spatial variability in climate, geology, soils, river systems, plant and animal communities. Due to the adverse environmental condition (rain, cloud, dense vegetation) and difficult access, the usage of remotely sensed optical data for regular airphoto basis coverage is expensive or even not possible. As a consequence, the Brazilian topography is still poorly known, with almost 25% of the area covered by maps at reconnaissance scale (1:250,000 up to 1:1,000,000). For the remain-der of the region, the cartography at semi-detailed scale (1:100,000) needs to be up-dated or re-mapped (IBGE 2001) . Digital Elevation Model (DEM) is a primary input for topographic mapping. With the advent of Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensor, launched in 1999 on board of Terra platform, the generation of optical DEMs from the visible and near infrared (VNIR) band 3 (nadir and backwards) could be generated using orbital stereoscopy.
First results were published in the literature with a general consensus of the elevation accuracy with ASTER stereo-pairs ranging from ±7 m to ±15 m (Toutin 2002 , Hirano et al. 2003 . With more available data, additional results have been presented focusing on the generation of DEMs and its accuracy (ERSDAC 2001 , Toutin and Cheng 2001 , Cheng and McBean 2002 , Toutin 2002 , Hirano et al. 2003 , Cuartero et al. 2005 , Eckert et al. 2005 , Fujisada et al. 2005 , San and Süzen 2005 , on the application of ASTER for analyzing supraglacial lakes (Wessels et al. 2002) and hazard modeling in Mexico (Huggel et al. 2008) . A complete review of the usage of ASTER imagery was recently published considering Geosciences application and DEM generation (Toutin 2008) .
However, the extrapolation of these results for operational use in the moist tropics such as in the Amazon Region should be taken with caution. Firstly, these previous investigations were mainly concentrated in sites with favorable environmental (low to moderate vegetation cover, well defined ground features within the Remote Sensing (RS) images, etc.) and experimental conditions (ancillary planialtimetric data with high quality and quantity to derive DEMs and test accuracies). Secondly, GCPs with quality, number and distribution is a critical point for the operational use of the technology in the tropics. In this paper, the altimetric quality of DEMs generated with 30 m from ASTER data was evaluated for a mountainous topographic terrain in the Brazilian Amazon. It is an outgrowth of previous investigations of the authors focusing on the use of orbital stereoscopic to overcome the critical lack of topographic information in the Brazilian Amazon (Paradella et al. 2005) .
STUDY SITE
The test-site located in the Serra dos Carajás, easternmost border of the Brazilian Amazon region, was selected for the investigation (Fig. 1) . The Carajás Mineral Province, within the domains of the Amazonia rain forest, is the most important Brazilian mineral province and comprises several mineral deposits, of a diversified variety, particularly with the world's largest iron deposits. The region is characterized by a set of hills and plateaus known as Serra dos Carajás (altitudes from 500 to 900 meters) surrounded by southern and northern lowlands (altitudes around 200 meters), totally covered by Ombrophilous Equatorial forest. The study area comprises part of the Água Fria, Caldeirão, Rio Parauapebas, Rio Verde, Serra dos Carajás and Serra Pelada topographic sheets (1:100,000 scale) produced from black and white airphotos by the Brazilian Institute of Geography and Statistics (IBGE) during the 1979-1981 period.
DATASET

ASTER STEREO-PAIRS
ASTER is a multispectral optical imaging system flying aboard satellite TERRA, which was launched in December 1999 as part of NASA's Earth Observing System (EOS). ASTER is comprised of 14 spectral bands under 3 separate sensor subsystems: VNIR, with 3 bands covering the visible and near infrared spectral range (0.5-1.0μm) with 15 m spatial resolution; SWIR, with 6 bands located in the short-wave infrared spectral range (1.0-2.5μm) with 30 m resolution and TIR, represented by 5 bands in the thermal infrared spectral range (8-12μm) with 90 m spatial resolution. As shown in Figure 2 , using the VNIR one nadir-looking (3N, 0.76-0.86μm) and one backward-looking (3B, 27.7 degrees off-nadir) telescope it is possible to acquire black-andwhite stereo-pairs under an along-track stereo configuration with a base-to-height ratio of 0.6. An approximately 60 s interval is noted between the time the nadir telescope passes over a ground location and the aft telescope records the same point on the ground track of the satellite. An ASTER scene covers an area of 61.5 × 63 km and the cross-track pointing out to 136 km allows viewing of any area on Earth at least once every sixteen days. The along-track mode of data acquisition is considered a major advantage as compare to cross-track since the images forming the stereo-pairs are acquired a few seconds apart under similar environmental and lighting. This favors stereo configuration of consistent quality and well suited for DEM generation by automated stereo-correlation techniques (Hirano et al. 2003 , Kamp et al. 2003 .
Overall, the ability to extract elevations from ASTER stereopairs using correlation techniques meets expectation (Toutin and Cheng 2001 , Toutin 2002 , Hirano et al. 2003 . ASTER has been acquiring stereodata since March 2000, and so far, no result has been published related to the generation of DEMs in the Amazon Region. Thus, this paper examined the possibilities of creating DEMs and evaluated its elevation accuracy from one ASTER-level 1A raw stereo-pair, which was acquired on August 16, 2001 and fortunately was absolutely cloud-free. 
GPS FIELD MEASUREMENTS
Although the requirements for the maximum GCPs number are not specified, a larger number is recommended to improve accuracy for DEM extraction with samples ideally chosen on a variety of locations and ground elevations, at the lowest and highest elevation. On the other hand, ICPs also play a key role in quality control for mapping production. Generally, a balance has to be reached between few ICPs, giving invalid accuracy estimation and an excessive number, providing a safe analysis but with unrealistic cost of acquisition in the field. According to Merchant (1987) a minimum of 20 well-distributed ICPs is necessary within a map. It is important to mention that topographic maps in Brazil should be classified according to the National Map Accuracy Standard (PEC -Padrão de Exatidão Cartográfico in Portuguese), defined by the decree 89,817 of 1984, which classifies map products in relation to geometric quality. PEC is a statistical indicator (90% of probability) for planialtimetric accuracy, corresponding to 1.6449 times the Standard Error (PEC = 1.6449 × SE), and considering equivalent the expressions Standard Error, Standard Deviation Error and RMSE. For a 1:100,000 scale A Class map, the SE corresponds to 16.66 m (1/3 of the equidistance of contour lines). Precise planial- timetric measurements from Global Positioning System (GPS) were acquired in the test-site in September 2002, and used as GCPs for the modeling of the DEMs and as ICPs for the calculation of altimetric accuracies. Two dual frequency receptors were used in the field for static GPS measurements using vehicles and helicopters (Fig. 3) . A total of 48 static GPS measurements and 35,000 kinematics GPS measurements were collected. The maximum errors with a probability of 68.3% (1σ ) for the positions estimated were 18 cm (latitude), 75 cm (longitude) and 24 cm (geometric altitude).
MATERIALS AND METHODS
GENERATION OF STEREOSCOPIC DEM
The Toutin's model based on OrthoEngine package (PCI Geomatics 2003) was used to compute the stereo model geometry and the 3D intersections for the DEMs generations. The model is based on geometric and stereoscopic models equivalent to the co-linearity and co-planarity equations in photogrammetry, which reflect the physical reality of the complete viewing geometry taking into account the distortions of platform, sensor, Earth, projection. If no GCPs are used, the stereo model is based upon the ancillary data exclusively and a relative DEM is produced (Satellite DEM). It is closer to the average forest height rather than the real topography. The addition of GCPs refines the model and improves on its accuracy and an absolute DEM is generated (GCPs calibrated DEM). Once the geometric model is computed, quasi-epipolar curve images are generated and the elevation parallax is derived based on automated image matching procedure, which utilizes a multiscale area correlation with a mean normalized cross-correlation approach (Cheng and Toutin 1998). For the transformation of geometric into ortometric altitudes, the MAP-GEO98 model was used with absolute and relative accuracies of 1.5 m and 1.0 cm/km, respectively (Camargo 2003).
STATISTICAL ANALYSIS
The accuracy and classification of the products were estimated by comparison of the DEMs elevation values and the real elevation given by ICPs. The analysis was performed following two approaches: (1) the use of RMSE (and LE90, linear error with 90% probability, which is normally used in the international literature) for the overall classification of the DEMs considering the PEC limits and, (2) calculations of trend analysis and accuracy based on the methodology proposed by Galo and Camargo (1994) , which takes into account computed discrepancies and standard deviations. The aim of trend analysis is to check for the presence of systematic errors and it was based on the hypothesis (H 0 : Z = 0; H 1 : Z = 0) whose acceptance or rejection is controlled by the computed Student t statistics compared with the theoretical t n−1;α . Accuracy analysis uses comparison of the variance of sample deviations (S 2 x ) to their respective pre-defined (table) values. The test is carried out using a hypothesis about the mean and standard deviation of the sample for each of the altimetric value. Chi-square (χ 2 ) is the statistical procedure that was applied. The accuracy of the product can be estimated in the Z values using standard statistical methodology involving the comparison of a sample value of χ 2 and the table value χ 2 (n−1,α) . The values of χ 2 are calculated based on the equations:
where S Z is obtained from Table I and vary as a function of the map scale using the relation: σ Z = SE. The value of the SE for the PEC was already discussed. 
RESULTS AND DISCUSSION
Since the number of GCPs and ICPs has direct influence on the DEM generation and on the estimation of the elevation accuracy, this issue was also investigated. An empirical approach was applied in order to define the minimum GCPs number required to produce a good product. Starting with 6 GCPs and 42 ICPs, additional GCPs points were gradually added with the corresponding DEMs being analyzed regarding quality (presence of failed areas, blunders, etc.) and statistics (residual report errors on GCPs) up to the final combination using 28 GCPs and 20 ICPs for accuracy estimation from the total of 48 GPS available. Table I and Figure 4 present the statistics of the results for all combinations of stereoscopic DEMs. Taking into account the results of Table I , statistical values related to mean, to the minimum and maximum values of Standard Deviation and to RMSE were further obtained considering all the number of produced DEMs (Table II) . The conclusion to be drawn from the trend analysis and accuracy (Table III) is that only the ASTER DEMs produced from 6 and 7 GCPs did not fulfill the trend requirements since the t sample values were larger than the t (n−1,5%) values. In addition, the comparison of χ 2 sample and χ 2 (n−1.10%) values indicated that the DEMs are compatible with the Brazilian PEC elevation requirements for a 1:100,000 A Class Map (RMSE ≤ 16.66 m), independently of the number of GCPs that was used as input for the DEMs extraction.
Finally, the investigation also pointed out that the combination of 28 GCPs and 20 ICPs (DEM 23) presented the best performance ( Fig. 5 ) with an RMSE = 8.94 m. Finally, it was found a difference of only 2.49 m for DEMs with lower and higher RMSE values, which reveals the consistency and stability of the Toutin's model.
CONCLUSIONS
The investigation supports the conclusion that for mountainous terrain in similar environments of the Brazilian Amazon, the ASTER altimetry fulfills the Brazilian Map Accuracy Standards elevation requirements for 1:100,000 A Class. In addition, since mountainous relief affects the performance of stereoscopic DEMs, it is expected better results with ASTER DEMs when dealing with flat terrains. It was possible to conclude that ASTER DEMs with RMSE errors less than 10 meters can be obtained with a few number of GCPs (minimum of 17), which is important considering the costs of GPS measurements for operational use in this kind of difficult terrain. Finally, it is important to mention that for cartographic production up-dated planimetric information is also necessary. Since ASTER also provides planimet-ric information, it can be a good alternative to overcome the critical lack of topographic information (1:100,000 scale) in the Amazon Region.
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